Fragile X syndrome is the most common form of heritable mental retardation caused by the loss of function of the fragile X mental retardation protein FMRP. FMRP is a multidomain, RNA-binding protein involved in RNA transport and/or translational regulation. However, the binding specificity between FMRP and its various partners including interacting proteins and mRNA targets is essentially unknown. Previous work demonstrated that dFMRP, the Drosophila homolog of human FMRP, is structurally and functionally conserved with its mammalian counterparts. Here, we perform a forward genetic screen and isolate 26 missense mutations at 13 amino acid residues in the dFMRP coding dfmr1. Interestingly, all missense mutations identified affect highly conserved residues in the N terminal of dFMRP. Loss-and gain-of-function analyses reveal altered axonal and synaptic elaborations in mutants. Yeast two-hybrid assays and in vivo analyses of interaction with CYFIP (cytoplasmic FMR1 interacting protein) in the nervous system demonstrate that some of the mutations disrupt specific protein-protein interactions. Thus, our mutational analyses establish that the N terminus of FMRP is critical for its neuronal function.
Introduction
The absence of the fragile X mental retardation protein FMRP leads to fragile X syndrome (FraX) . Although most FraX cases result from dynamic expansions of CGG repeats in the 5Ј regulatory of FMR1, thus silencing its transcription and producing no protein product (O'Donnell and Warren, 2002) , genomic deletions or point mutations in FMR1 also cause rare cases of FraX (De Boulle et al., 1993; Hammond et al., 1997) , emphasizing that understanding the basic molecular and cellular functions of FMRP is a prerequisite to elucidating the pathogenesis of FraX.
FMRP is a multidomain, RNA-binding protein involved in the regulation of RNA transport/translation and predicted to bind 2-4% of the mouse transcriptome (Brown et al., 2001) . In addition to RNA binding capability, FMRP binds directly to a large group of proteins, including its two paralogs fragile X-related proteins 1 and 2 (FXR1 and FXR2) (Zhang et al., 1995; Siomi et al., 1996) . Other interactors include NUFIP (nuclear fragile X mental retardation protein interacting protein) (Bardoni et al., 1999) , 82-FIP (82 kDa FMRP interacting protein) , CYFIP1 (cytoplasmic FMR1 interacting protein 1) and CYFIP2 (Schenck et al., 2001 , and MSP58 (microspherule protein 58 kDa) (Davidovic et al., 2006) . However, what mediates the binding specificity between FMRP and each of these partners is essentially unknown. Although the significance of these interactions in the pathogenesis of FraX remains to be demonstrated, at least one partner CYFIP appears to contribute to the mutant phenotypes .
Mouse models of FraX have contributed substantially to our current understanding of the disease (Koekkoek et al., 2005) . However, the mouse model has the limitation of being inefficient for genetic screens. To apply simpler genetic approaches, we and others developed a Drosophila model of the disease (Zhang et al., 2001; Dockendorff et al., 2002; Morales et al., 2002; Michel et al., 2004; Pan et al., 2004) . The fly FMR1 homolog dfmr1 shows high sequence conservation with its mammalian counterparts, and the neuronal phenotypes in the mutant flies are similar but more pronounced than those of human patients and knock-out mice (Zhang and Broadie, 2005; Leyssen and Hassan, 2007) . To further dissect the structure/function relationship of FMRP, we took advantage of the power of Drosophila genetics and performed a large-scale mutagenesis screen for mutations in dfmr1. From a simple F1 screen based on the rescue of overexpression-induced lethality, we isolated 101 individual viable suppressor lines, of which 57 lines have 58 mutations in dfmr1 (one has a double hit). Interestingly, all point mutations identified affect highly conserved residues in the N terminal of dFMRP. Yeast two-hybrid (Y2H) assays and in vivo analyses of interaction with CYFIP in the nervous system demonstrate that the FMRP N terminus and the specific protein-protein interactions it mediates are critical for its neuronal functions.
Materials and Methods
Drosophila husbandry and stocks. All Drosophila stocks were raised at 25°C on standard cornmeal agar media. Ubiuitously expressed Tub-Gal4 was from Bloomington Stock Center (Bloomington, IN). Pigment dispersing factor (Pdf )-Gal4 was from P. Taghert (Washington University School of Medicine, St. Louis, MO). Recombinant tool stock Tub-Gal4, dfmr1 50M /TM6C was constructed using conventional genetic techniques.
, and UAS-CYFIP were described previously (Zhang et al., 2001; Dockendorff et al., 2002; Morales et al., 2002; Schenck et al., 2003) .
Chemical mutagenesis. Chemical mutagenesis was performed essentially as described by Grigliatti (1998) . Isogenized male flies carrying EP3517 were mutagenized with 25 mM ethyl methanesulfonate in 1% sugar. After recovery on fresh food, the mutagenized flies were mated to virgins of Tub-Gal4/TM6C (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material).
DNA sequencing. Genomic DNA of each mutant of EP3517*/dfmr1 3 [* indicates a putative mutation in the endogenous dfmr1; dfmr1 3 is a null allele of dfmr1 with the coding region completely deleted (revised information from Dockendorff et al., 2002) ] was prepared from single adult fly. PCR was then performed on the prepared DNA using five sets of primers designed to cover the genomic region encoding the full-length dfmr1 cDNA. Sequencing results were compared with the deposited dfmr1 sequence (GenBank accession number 205597).
Immunohistochemical analyses and Western blot analyses. Dissection and antibody staining of third-instar larvae were described previously (Zhang et al., 2001) . Monoclonal anti-dFMRP 6A15 was from Sigma (St. Louis, MO) (Wan et al., 2000) and used at 1:2000; an alternative antidFMRP 5A11 (1:1000) was from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). For Western blot analyses, whole fly heads were homogenized in standard loading buffer and subjected to SDS-PAGE. Equal amounts of proteins from two heads were loaded for each genotype. dFMRP expression was probed with 5A11 (1:100) and detected with horseradish peroxidase-coupled secondary antibody using the chemiluminescent method (ECL kit; GE Healthcare, Little Chalfont, UK). Immunohistochemistry on the adult CNS to visualize neuronal elaborations was performed as described previously (Reeve et al., 2005) .
Phenotypic and genetic interaction assays of mutations in the central ventral lateral neurons and peripheral neuromuscular junction. The dorsal axonal elaborations of ventral lateral neurons (LNv) in the brain of different dfmr1 mutations were quantified following a protocol reported by Reeve et al. (2005) . For loss-of-function (LOF) assay, brains from 1-to 3-d-old adult progeny from dfmr1 113 /TM6B mated to each mutated EP3517 were dissected and immunolabeled with anti-PDH (specifically labeling LNv elaborations; a kind gift from S. Bonomelli, University of West Florida, Pensacola, FL). Similarly, for gain-of-function (GOF) assays, brains of 1-to 3-d-old progeny from Pdf-Gal4; upstream activating sequence-green fluorescent protein (UAS-GFP) crossed to each mutated EP3517 were stained anti-GFP (1:1000; Invitrogen, Carlsbad, CA). Two measurements were made for all genotypes: the distance from the point of defasciculation to the most medially extended axon, referred to as the "branch extension," and the "branching width," defined as the distance between the most dorsal arbor and the most ventral arbor. The "relative area," presented as arbitrary units in Figures 2, E and J, and 4 F, was calculated by multiplying branch extension by branch width and normalized to brain size by the square of the posterior optic tract length as described previously (Reeve et al., 2005) .
Quantifications of neuromuscular junctions (NMJs) were performed essentially as described previously . At least two rounds of assays were performed per genotype, and, for each round, at least 27 NMJs were scored per genotype. In all cases, NMJs at muscle 4 of abdominal segments 1-4 were scored. Pictures of synapses were imported in an in-house developed TCS/timt software that quantifies synaptic length by automatic measurement of synaptic terminals. Statistical significance was calculated using ANOVA and the Newman-Keuls method for post hoc pairwise analyses.
Y2H interaction assay. A 654 bp fragment encoding the human FMRP N-terminal 218 amino acids named NT218 in this study was amplified by PCR and cloned into pGBKT7 [containing DNA-binding domain (BD) of yeast transcription factor GAL4; Clontech, Mountain View, CA]. cDNA sequences encoding human CYFIP1 (clone KIAA0068), 82-FIP (clone KIAA1321) (provided by Kazusa DNA Research Institute, Kisarazu, Japan), and FXR1 (from H. Siomi, University of Tokushima, Tokushima, Japan) were cloned into pGADT7 [containing activation domain (AD) of yeast transcription factor GAL4; Clontech]. PCRmediated mutagenesis was used to generate specific missense mutations within the NT218 bait. Transformed yeast AH109 were plated on appropriate synthetic dropout selection medium and incubated at 30°C. All constructs were verified by sequencing and showed no self-activation. Auxotroph dependence growth and ␤-galactosidase activity were used to score protein-protein interactions.
Results

Isolation of mutations in dfmr1
Isolation of point mutations is critical for the elucidation of structure/function relationship of a target protein. For FMRP, the single amino acid mutation I304D in the K homology 2 (KH2) domain identified in a patient has provided significant insight into the functions of FMRP (Banerjee et al., 2007) . To further facilitate our mechanistic understanding of FMRP, we developed an F1 screen based on the rescue of lethality caused by dFMRP overexpression (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material) and isolated 101 lethality suppressors. Sequencing the mutated EP3517 chromosome identified 58 dfmr1 mutations in 57 suppressor lines. The mutations include 26 missense mutations at 13 residues, 12 nonsense mutations, and 20 rearrangements (supplemental Fig. 2 and Table 1 , available at www.jneurosci.org as supplemental material). Remarkably, all 26 missense mutations map to the N terminal 411 amino acids. Similarly, all truncations recovered start within the N-terminal 391 amino acids (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The clustering of mutations and truncations at the N terminal of dFMRP suggest a critical role for the region. Phylogenetic analysis of 41 members of FXR family comprising FMRP, FXR1, and FXR2 shows that all mutated residues are highly conserved in the FXR family across species (supplemental Table 2 , available at www.jneurosci.org as supplemental material).
One potential explanation for the suppressor effects of the isolated mutations is that they all simply render the dFMRP protein untranslatable or unstable. To rule out this possibility, we performed immunochemical analyses of the suppressors (Fig. 1) . Antibody staining of each mutated protein overexpressed by Tub-Gal4 in a null background showed that many mutations, such as E68K, G269R, V354E, and Q378P, display dFMRP expression comparable with the original EP3517 level, whereas other mutations, such as S174F, have reduced dFMRP expression ( Fig. 1 A-H ), indicating that these mutations affect dFMRP expression to some extent, probably at the posttranscriptional level. Interestingly, high-level expression of Q378P was detected by monoclonal antibody 5A11 but undetectable by antibody 6A15, demonstrating that the epitope recognized by 6A15 was disrupted in the mutant. The immunostaining results were primarily confirmed by Western blot analyses (Fig. 1 I) . Together, these data argue that the expression levels do not explain the suppressor effects we observed and suggest that these alleles are functionally compromised.
Loss-and gain-of-function analyses of the missense mutations in the CNS
We chose to examine the effects of these mutations in the LNv in the central brain, because LNv play an important role in the control of circadian rhythms and are known to require dFMRP for normal axonal arborization (Dockendorff et al., 2002; Reeve et al., 2005) . Specifically, dfmr1 mutants produce an excessive defasciculation of the dorsal projections of LNv (Reeve et al., 2005) . We first used this assay to study the effect of the point mutations in a null background. Because in this case the only source of dFMRP is provided by the mutated dfmr1, we would expect to observe a change in LNv elaboration when compared with EP3517 control if a mutation alters the functions of dFMRP. Figure 2A -E shows the results of 13 different mutations examined in this assay. We found that 7 of the 13 alleles (G80D, R115H, A158V, S174F, G220E, V354E, and Q378P) showed defasciculation phenotypes statistically indistinguishable from the EP3517 control, suggesting that these mutations represent wild-type or weak hypomorphic alleles. Of the remaining six alleles, five (R47C, R115C, L186H, G269E, and R279C) display increased axonal arborization but remain statistically less severe than the homozygous null animals, suggesting that these alleles represent moderate or strong hypomorphic mutations. Only E68K appears to be a null, being statistically indistinguishable from homozygous null mutants.
To further assess the functional effects conferred by the mutations, the LOF assay was followed by GOF assay. Overexpression of dfmr1 results in axonal collapse of the dorsal LNv (Reeve et al., 2005) . We expressed each of the alleles in the LNv and measured the extent of axonal collapse (Fig. 2 F-J ) . We found that four alleles (G220E, G269E, V354E, and Q378P) retain significant function in this assay, suggesting they are weak hypomorphs. For three of these alleles (G220E, V354E, and Q378P), this is consistent with the LOF results. For G269E, the data are contradictory. One explanation may be that G269E affects protein level but not activity, a prediction consistent with expression analyses (Fig. 1) . Of the remaining nine alleles studied, eight (R47C, G80D, R115C, R115H, A158V, S174F, L186H, and R279C) fail to cause axonal collapse, implying that they are moderate to strong hypomorphic alleles. Interestingly, we found that GOF of E68K causes an increase in defasciculation, phenocopying the dfmr1 null and suggesting that this allele has either a dominantnegative or a neomorphic function. In summary, most, if not all, of the isolated mutations display a neuronal phenotype in the LOF and/or GOF assays.
Critical residues at the N terminus of FMRP for specific interactions with CYFIP1, FXR1, and 82-FIP
The N-terminal 218 residues of human FMRP, named NT218 in this study, have been shown to interact with several different proteins, including 82-FIP , NUFIP (Bardoni et al., 1999), CYFIP1, CYFIP2 (Schenck et al., 2001) , and possibly FXR1 and FXR2 (Siomi et al., 1996) . Remarkably, 18 of 26 missense mutations isolated are located in the NT220 of dFMRP, the equivalent of NT218 in human FMRP (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). To examine whether the mutations affect protein-protein interactions, we engineered the equivalent mutations in human FMRP NT218 (R48C, E66K, C78D, R113C, R113H, A156T, A156V, S172F, L184H, and S217E) and performed Y2H analysis, because thus far no Y2H assay has been established for fly dFMRP , and we found the same to be true in our hands.
In contrast, we confirmed the interactions between human FMRP NT218 and three of its partners: CYFIP1, 82-FIP, and FXR1. This allowed us to ask whether the mutations we isolated influence the binding between NT218 and its partners in the Y2H assay. As shown in Figure 3 , wild-type NT218 interacts with CY-FIP1 to produce well grown, blue-colored colony on selective medium, whereas some mutations in NT218 disrupt the interactions (Fig. 3A) . Specifically, R113 and S172 are the most important for the FMRP-CYFIP1 interaction, because the two mutations completely abolished the interaction. The mutation at E66 compromised the interaction with CYFIP1 to some extent as evidenced by the pale-blue colony, whereas the rest retain wild-type level interaction with CYFIP1 (Fig. 3A) . Conversely, mutation L184H completely abolished the interaction with FXR1, as did mutations E66K, C78D, R113C, and R113H for the interaction with 82-FIP (Fig. 3B) . Four mutations, R48C, A156T, A156V, and S217E, however, did not affect any of the three interactions assayed. In summary, the Y2H assay reveals critical residues at the N terminus of FMRP for its specific interactions with CYFIP1, FXR1, or 82-FIP and demonstrates that different interactions require distinct amino acids. Mutated N-terminal residues of dFMRP are critical for its in vivo interaction with CYFIP The Y2H data above suggest that failure to bind some of its protein partners may be relevant to the CNS phenotypes observed with the various dfmr1 alleles. To investigate the possibility in vivo, we first asked whether the mutations that abolish CYFIP binding also fail to show genetic interactions with CYFIP at the NMJ, an attractive model for studying synaptic development. CYFIP has a well established role as a dFMRP partner at NMJ . Specifically, CYFIP and dfmr1 LOF mutants display opposite undergrowth and overgrowth synapse, respectively . Compared with the pronounced phenotypes observed in LNv, overexpression of various dfmr1 mutations at NMJ produced a weaker effect in general (Fig. 4 , compare E, F ). Similar to the interaction shown in LNv (Fig. 4 F) , CYFIP and dFMRP also act antagonistically at NMJ (Fig. 4 A-E) , i.e., CYFIP overexpression rescues the dfmr1 overexpression phenotype ( p ϭ 0.0008). Much like the co-overexpression of wildtype dfmr1 with CYFIP, co-overexpression of mutant alleles carrying a mutation with interaction with CYFIP intact produced normal NMJ synapses (R47C, p ϭ 0.1; G80D, p ϭ 0.2; L186H, p ϭ 0.7) (Fig. 4 A-E) . However, co-overexpression of alleles that fail to bind CYFIP did result in significant NMJ overgrowth (E68K, p ϭ 0.027; R115C, p ϭ 0.0001; R115H, p ϭ 0.0002; S174F, p ϭ 0.009) (Fig. 4 A-E) , demonstrating that the specific amino acidmediated interaction between dFMRP and CYFIP is critical for the normal synapse development.
Thus far, no function for CYFIP has been shown in the adult CNS. Identification of dfmr1 alleles that specifically fail to bind CYFIP allowed us to ask whether the dFMRP-CYFIP interaction is a general feature of dFMRP function in the nervous system. Overexpression of CYFIP in a wild-type background has no significant effect on LNv axonal arborization ( p ϭ 0.2) (Fig. 4 F) . However, CYFIP overexpression suppresses the effects of EPmediated overexpression of wild-type dfmr1 ( p ϭ 1.6 ϫ 10 Ϫ8 ), confirming the antagonistic interaction between CYFIP and dfmr1 observed at the NMJ. In contrast, when any of the alleles whose protein products fail to bind dFMRP are co-overexpressed with CYFIP, we see no antagonistic effect between the two (E68K, p ϭ 0.1; R115C, p ϭ 0.4; R115H, p ϭ 0.08; S174F, p ϭ 0.8) (Fig.   Figure 2 . Decreased activities of dfmr1 mutations in central LNv. A-E, LOF assay of mutations in the LNv. A, Homozygous null allele dfmr1 3 shows severe defasciculation of axonal termini. Representative examples of dorsal axonal termini of mutant alleles EP3517, R47C, and E68K transheterozygous over dfmr1 113 are shown in B-D, respectively. EP3517 shows a phenotype comparable with that of wild type (B). F-J, GOF assay of mutations in the LNv. LNv labeled with Pdf-GFP are used as wild-type control (F ). Overexpression of dFMRP by UAS-dfmr1 (G) or EP3517 (H ) leads to decreased axonal elaboration (UAS-dfmr1 produces a stronger phenotype than EP3517 when driven by Pdf-Gal4, presumably attributable to higher expression of dFMRP) (Zhang et al., 2001) . I shows the axonal termini when mutation R47C is overexpressed in LNv. E, J, Relative axonal elaboration area of LNv for each genotype examined. Units are arbitrary, calculated as detailed in Materials and Methods. Number of LNv quantified for each genotype from at least two rounds of assays is indicated. *p Ͻ 0.05, significant difference by a two-tailed t test with Statistica software (StatSoft, Tulsa, OK) from the control EP3517. Error bars are SEM.
F).
The loss of interaction is specific to these alleles because a strong genetic interaction is observed between CYFIP and mutation V354E, which is not in the region interacting with CYFIP ( p ϭ 0.008). Together, our data from in vivo assays at both NMJ and LNv support the conclusion that the N-terminal amino acids of FMRP involved in interaction with CYFIP are critical for its neuronal function.
Discussion
The genetic screen, in which the EP3517 line was mutagenized to screen for mutations in the endogenous dfmr1 downstream of the EP element, is efficient and productive. Because overexpression or ectopic expression of many genes can produce a simple recognizable phenotype whereas a mutation compromising the function(s) of the endogenous gene would rescue the phenotype, the screen strategy is of general utility and can be readily extended to other genes of interest, particularly those with no obvious LOF phenotypes or whose functions are unknown. Another attractive feature of the screen is that the mutations can be readily used for GOF analyses without the need of making transgenic flies carrying engineered mutations.
All the mutations isolated cluster to the N-terminal 411 residues, with no mutations found at the C-terminal 270 amino acids. Specifically, 18 of the 26 missense mutations are located at the N-terminal 220 amino acid region, mainly involved in proteinprotein interaction. There are a few nonexclusive possibilities for the clustered distribution of mutations. First, the function of the C-terminal 270 amino acids may be subtle such that one residue change in the region does not sufficiently compromise dFMRP function. Indeed, this region is the least conserved in the FXR family through evolution. Second, the C-terminal 270 amino acids may not contribute to the lethality on which the genetic screen is based. Third, the functions of the four RNA binding domains NDF (N-terminal domain of FMRP) , KH1, KH2, and RGG box of dFMRP may be somewhat redundant, so that disruption of one is compensated by others. Therefore, more sensitive or specific screening paradigms have to be devised to isolate mutations in the RNA binding domains. Importantly, however, most of the mutations isolated affect the neuronal functions of dFMRP in both LOF and GOF assays, demonstrating the relevance of the screen paradigm.
The FMRP NT218 interacts directly with several proteins, such as CYFIP1 (Schenck et al., 2001 ), FXR1/2 (Zhang et al., 1995) , and 82-FIP . Our work identified critical amino acids for the specific interactions. For example, E66, R113, and S172 are vital for the interaction with CYFIP1, whereas L184, located in the coiled-coil domain (Siomi et al., 1996) , is critical for the FMRP-FXR1 heterodimerization. Conversely, mutations at E66, C78, and R113 abolished the interaction with 82-FIP, which is in full agreement with the early biochemical and structural studies Ramos et al., 2006) . Importantly, the interaction with 82-FIP and CYFIP1 shares similar residues but distinct from that with FXR1. One of the alleles we isolated, E68K, appears to interfere with the function of wild-type dFMRP. This allele also fails to bind to or interact with CYFIP, suggesting that this is not the mechanism of its function as a dominant suppressor of wild-type dFMRP. One tempting speculation is that E68K may interfere with dFMRP homomeric or heteromeric complex formation, leading to interference with the function of the wild-type allele. At any rate, it is clear that our mutational analyses identified critical residues for specific protein interactions in the N terminus of FMRP.
Finally, dFMRP has different functions in the NMJ, in which it regulates synaptogenesis, and in the central LNv, in which it regulates axonal outgrowth. However, the residues we have identified are critical for the interaction between CYFIP and dFMRP in both the LNv and NMJ, suggesting that the dFMRP-CYFIP interaction may be crucial to dFMRP function in different neuronal types and at different developmental stages. Based on the high conservation and functional importance of these and other residues in the FMRP protein, we speculate that the strong or null mutations in the critical residues of FMRP we identify here might cause rare cases of FraX patients without diagnostic CGG expansion. Figure 3 . Y2H analyses identified critical residues of FMRP for interactions with its partners. A, Mutations in human FMRP N-terminal 218 amino acid peptide (NT218) disrupt its interaction with human CYFIP1. Cotransformation of two recombinant plasmids carrying the bait NT218 and the prey CYFIP1 showed robust growth of blue colony and was used as a positive control. Cotransformation of empty plasmids BD and AD, empty plasmid BD plus recombinant plasmid AD-CYFIP1, or empty plasmid AD plus recombinant plasmid BD-NT218 produced no growth of yeast on selective medium and was used as a negative control. Equivalents of the 10 mutations in human FMRP NT218, R48C, E66K, C78D, R113C, R113H, A156T, A156V, S172F, L184H, and S217E were tested. B, Summary of critical FMRP residues required for specific protein-protein interactions with CYFIP1, FXR1, and 82-FIP. Equivalent mutations in dFMRP are parenthesized. * indicates moderate disruption; ** indicates complete disruption; N, no disruption.
